Using the fact that a sub-wavelength structure exhibits the same thermal expansion coefficient as a micro-lens array, we design a micro-lens super-surface film with regular circular hole-like subwavelength structures to realize the high performances of central highly focusing strength and short focal length. In addition, based on the Fresnel-Kirchhoff diffraction theory, the influences of subwavelength structural period and height on the focusing performance of a microlens are analyzed. Furthermore, the finite-difference time-domain method is utilized to optimize the structural parameters. Via direct laser writing and an inductively coupled plasma process, we fabricated a square micro-lens array consisting of a 1000 × 1000 micro-lens unit with a subwavelength structure, and the optical focusing performance was measured in the visible light band. Finally, the experimental results indicate that the focal length is decreased to 15 μm, the focal spot central energy is increased by 7.3%, and the light transmission, enhanced via inserting subwavelength structures, corresponds to 3%. This proves that the designed micro-lens array with a regular-graded circular hole-like subwavelength structure can achieve central high focusing and a short focal length. This has applications in several fields of wavefront detection and light field imaging systems.
Introduction
Micro-lens arrays are widely applied in homogenizing systems [1, 2] , light-field imaging [3, 4] , and Hartmann sensors [5] . The efficiency of energy utilization is an important parameter of a microlens array. An anti-reflection coating is typically deposited on the surface of a micro-lens to decrease reflection and improve the efficiency of energy utilization [6, 7] . However, conventional antireflection coatings are generally affected by the fact that the material with the desired refractive index is usually either expensive or scare. AR coatings usually have a multilayer-structure, therefore the coefficients of thermal expansion (CTE) can be different between layers, including the substrate. The difference of CTEs may induce stress if the process temperature is different from the environmental temperature. The induced stress can further induce micro-lens deformation or coating delamination.
In existing studies, several subwavelength structures were used to overcome the disadvantages on the surface of the micro-lens [8, 9] . Subwavelength structure layer is consistent material with the substrate, and hence the issue of optical deformation due to the difference of CTE is non-existent [10] .
Moreover, optimizing the subwavelength structural parameters to achieve different equivalent refractive indexes, thereby resolves the issue of material. Currently, many subwavelength structures on the micro-lens super-surface are fabricated to achieve functions including anti-reflection [11] [12] [13] , filter [14, 15] , and blazed grating [16] . For example, researchers fabricated a wafer-level micro-lens with a bionic moth-eye nanostructure wherein the transmittance of the micro-lens was increased by approximately 3% under wavelengths in the range of 400-750 nm [17] . A study explored a similar low-loss dielectric micro-lens with a nanopillar array with a variable diameter for infrared (IR) radiation on a silicon substrate [18] . Additionally, an antireflective optical lens with large-area glass nanohole arrays for optical imaging was reported [19, 20] . However, most reports have not discussed the study of the focusing performance of micro-lens super-surface [21] [22] [23] , which is extremely important to improve the energy utilization.
In this study, in order to realize the performance of highly focusing and short focal length of the lens, we design a micro-lens super-surface film with a regular graded circular hole-like subwavelength structure. The effects of the period and height of the subwavelength structure on the focusing performance of the micro-lens are analyzed via theory and the finite-difference time-domain (FDTD) method to obtain the optimized structural parameters. The results obtained with respect to the microlens super-surface film were prepared via direct laser writing and an inductively coupled plasma process. Finally, we used a Nikon Eclipse 50i microscope to measure the focusing performance of the micro-lens super-surface. This study provides a reference to investigate and produce a microminiature micro-lens super-surface element for optical imaging systems.
Microstructure Design and Optimization
The focal spot size of the micro-lens array is influenced by the calibre and focal length of the micro-lens. Under the same calibre, a long focal length leads to pronounced diffraction, and this causes the spot to spread. Therefore, the size of the micro-lens array must be designed to consider the effect of diffraction on the spot.
Design of Micro-Lens Structure Parameters
In this study, the energy efficiency of the micro-lens array is improved via designing a circular hole-like subwavelength structure on the surface of the micro-lens. A micro-lens array that is composed of micro-lens with a 7 μm calibre and 230 nm vector height is selected. The refractive index of the substrate is 1.455, and the ideal focal length based on geometrical optics calculation is 57 μm. The ideal focal length of the micro-lens is affected by Fresnel diffraction, and thus the focus is shifted [24, 25] .
As shown in Figure 1 , we assumed that for the spherical wave 1 () UP after passing through the micro-lens (based on the Fresnel-Kirchhoff diffraction integral formula), the complex amplitude at point P on the receiving plane is given as follows:
where r is the distance from the surface element S to a point P on the receiving surface, a is the angle between SP and SO , and R is the radius of the outgoing spherical wave. , where D denotes the diameter of the micro-lens unit. The on-axis focused light intensity distribution is given by the Collins formula as follows [26, 27] :
, and z  denotes the relative focal shift.
The relationship between theoretical focal length f and actual focal length f  is calculated via MATLAB R2018a as shown in Figure 2 . The abscissa denotes the theoretical focal length of the geometrical optics calculation. Therefore, the actual focal length of the micro-lens designed is 17 μm. 
Design of the Subwavelength Structure of the Micro-Lens
The subwavelength structure on the curved surface should consider whether high-order diffraction occurs with respect to oblique incident light waves. Based on the rigorous coupled wave theory, to ensure that the oblique incident light wave passes through the subwavelength structure without high-order diffraction, the period should satisfy the condition:
denotes the structural period, λ the wavelength of the incident light wave, 1 n the refractive index of air, and 2 n the refractive index of the micro-lens. Since the micro-lens array is prepared on the surface of the fused silica, the micro-lens and fused silica have the same refractive index. We assume that the incident light  λ 500 nm, air refractive index 1 1 n  and micro-lens refractive index
. The period  value range corresponds to (0 nm, 204 nm) and the selected period value is 200 nm. As shown in Figure 3a , five circular-hole subwavelength ring-band structures are distributed on the surface of the micro-lens unit cell, wherein the diameter of the center hole is small and diameter of the edge hole is large. The geometric parameters of a band unit are given in Figure  3b . The parameters consist of the period  , structural height H , and structural diameter D . The diameter of the circular hole is equally increased from the center to the edge as follows: 30, 60, 90, 120, and 150 nm. As indicated by the rigorous coupled wave theory, increases in the radius of the circular hole-like subwavelength structure decrease the refractive index of the subwavelength structural layer wherein the convergence schematic is shown in Figure 3c . Based on film theory, the structural height is calculated as follows: Based on the rigorous coupled wave theory, the circular hole-like subwavelength structural parameters of the gradual distribution are as follows: the period is 200 nm, the height is 104 nm, and the diameter of the circular hole corresponds to the difference change from the center to the edge as follows: 30, 60, 90, 120, and 150 nm.
The commercial software Lumerical FDTD Solutions 2018a is applied to calculate the Poynting vector distribution of the proposed substructure. The FDTD simulation model is built in x-y-z axis space rectangular coordinate system shown in Figure 3d , which includes a silica substrate, the microlens array, air layer, source, and field monitor. The FDTD Solutions uses the plane wave source with a polarization direction along the x axis, and the boundary conditions correspond to perfect matched layer (PML) boundary conditions. Figures 4a-d show the focusing light intensity distribution in the x-z plane on the surface of the unstructured (left) and structured micro-lens (right) for the incident light wavelength of 400, 500, 600, and 700 nm, respectively. Additionally, the focal length changes with the incident wavelength are shown in Figure 4e . The blue line indicates the focal length of the unstructured micro-lens, and the red line indicates the focal length of the structured micro-lens. As shown in Figure 4 , in the 400-700 nm wavelength range, the micro-lens with the subwavelength structure exhibits a good highly focusing effect, and the focal length value is lower than that of the unstructured micro-lens. This proves that the regularized circular hole-like subwavelength structure decreases the focal length of the micro-lens and increases the depth of the field. The focal length decreases when the incident wavelength increases. Additionally, the central energy of the structured micro-lens (right) also exceeds that of the unstructured micro-lens (left). Therefore, it is possible to change the focal length and center energy of the micro-lens by adjusting the period and height of the subwavelength structure. 
Parameters of the Optimized Subwavelength Structure of Micro-Lens
After the plane wave is incident on the super-surface of the equivalent refractive index radial gradation, the phase difference is generated in the place where the equivalent refractive index is different represented as follows:
. A phase change of  02 π is achieved as the height H changes in the subwavelength structure.
The FDTD method is used to optimize the micro-lens subwavelength structure with a graded circular hole array at the wavelength  λ 500 nm to obtain a better focusing performance and evaluate the effects of height H and period  . Figure 5 shows the x-z plane field intensity distribution and center energy curve of the micro-lens along the z-axis. Figure 5a shows the electric field distribution of the unstructured micro-lens. Figures 5b-e show the electric field distributions of the structured micro-lens with heights of 100, 200, 300, and 400 nm, respectively. The diameter of each ring hole of the structured micro-lens corresponds to 30, 60, 90, 120, and 150 nm, and the structural period is 200 nm. As shown in the figure, the central intensity of the structured micro-lens exceeds that of the unstructured micro-lens. Additionally, when the height of the structure is from 100 to 300 nm, central intensity of the focal spot increases as height increases. When the height is from 300 to 400 nm, the central intensity value does not vary significantly when height increases. Figure 5f shows the central intensity distribution of each structure at the focus. As shown in the figure, the focal length of the structured micro-lens is lower than that of the unstructured micro-lens, and the focal length increases when structural height increases. Based on the results, the height of the structure is selected as 300 nm. In addition to the height factor, the effect of the structural period is also analyzed. The x-z plane field intensity distribution and center energy curve of the micro-lens along the z-axis are shown in Figure 6 . Figure 6a shows the electric field distribution of the unstructured micro-lens. Figures 6b-e show the electric field distributions of the structured micro-lens with periods of 150, 165, 180, and 200 nm, respectively. The diameter of each ring hole of the structured micro-lens corresponds to 30, 60, 90, 120, and 150 nm, and the structural height is 300 nm. As shown in the figure, the central intensity of the structured micro-lens exceeds that of the unstructured micro-lens. When the period increases, it tends to initially increase and then decrease. Specifically, the micro-lens with 180  nm exhibits the highest central intensity. Figure 6f shows the central intensity distribution at the focus along the z-axis. As shown in the figure, the focal length of the structured micro-lens is lower than that of the unstructured micro-lens, and the focal length initially decreases and then increases with increases in the structural period. The focal length of the micro-lens with 180  nm is the lowest. Therefore, when the period is 180 nm, the micro-lens exhibits the best focusing effect. 
Experiment and Measurements
In this study, we prepare the micro-lens super-surface with a regular graded circular hole-like subwavelength structure via direct laser writing and the inductively coupled plasma (ICP) process. The micro-lens array that is composed of micro-lenses with 7 μm calibre and 230 nm vector height. The circular hole-like subwavelength structure parameters are as follows: period is 180 nm, height is 300 nm, and the diameter of the circular hole is equal to difference change from the center to the edge as follows: 30, 60, 90, 120, and 150 nm.
The fabrication process of the micro-lens with subwavelength structure is shown in Figure 7 . The details of the fabrication are given below: Spin coating: The quartz wafer is cleaned via ultrasonic cleaning, oscillation, and spin coating the photoresist (PR), soft baked (100 C, for 1 min) via a hot plate (EH45B) to improve the adhesion and uniformity of the photoresist.
Direct laser writing micro-lens mask: Calibre and vector height parameters of the designed micro-lens are converted into phase distribution maps. The 2D grayscale images of the surface height are edited via MATLAB R2018a, imported into the computer, the mask pattern is then fabricated via the direct laser writing machine (Heidelberg Instruments, DWL66FS, Heidelberg, Germany), and so a micro-lens array with 7 μm diameter and 230 nm vector height is written. The direct write parameters are as follows, power: 70 mW, AOD: 1650, exposure rate: 16.2 mm/s, and exposure time of each pulse: 60 s. Development is performed via the developer AZ300MIF to obtain the mask pattern of the microlens. Figure 8 shows the resulting image measured via the interferometer (ZYGO, New View 7100, Middlefield, CT, USA). Focused Ion beam (FIB) etching Cr mask: A regular gradient circular hole pattern is written on the micro-lens array with a Cr mask on the surface via focused ion beam (ZEISS, ORION NanoFab, Oberkochen, Germany) direct writing. Etching parameters are as follows: the voltage: 10 kV, ion emission current is a Ga beam, and beam current: 10 pA. Figure 9 shows a scanning electron microscope image of the results. ICP etching: The shape of the circular hole on the mask is etched on the micro-lens via ICP etching. Finally, the remaining Cr is removed with etching solutions and the expected subwavelength structure is then obtained.
To measure the energy and focal length of the converging spot of a micro-lens with the subwavelength structure, we use a microscope (Nikon, Eclipse 50i, Tokyo, Japan) to measure the focal length of the spot using visible light transmission mode. The charge coupled device (CCD) is used to record the spot image of the sample from position 0 to l. The spot size and energy distribution are calculated from the gray value of the obtained CCD image. The measurement principle is shown in Figure 10 . There are coarse gears and micro gears on both sides of the microscope to adjust the stage. We place the sample on the stage and turn the coarse gear to determine the micro-lens array. Additionally, we rotate the micro-gear with scale to test the focal length of the micro-lens array. The micro-gear rotates one grid, and the stage moves by 1 μm. We adjust the distance between the stage and objective lens to detect the focal spot pattern at different positions. The patterns are recorded, and the data is analyzed.
As shown in Figure 11 , the a-l position indicates that the microscope observation surface is located at a distance ranging from 8 to 19 μm from the micro-lens array and each position is separated by 1 μm. Figure 12 shows the focal spots and gray power distributions obtained per 1 μm from a to l at a magnification of 100×. The two rectangle areas correspond to where the micro-lens is laid. The upper and nether areas represent the focal spots with and without subwavelength structure, respectively. We consider the sample of focal spots on the left side and express the power using gray level to obtain the energy distributions curve at the right side. It is observed from the energy distributions curve that the energy of the focal spots exhibit an evident improvement when fabricated with sub-wavelength structures.
Results and Discussion

Figure 12.
Convergence spot pattern and energy curve at (a-l) different locations. The upper and nether areas represent the focal spots with and without subwavelength structure, respectively. The blue line represents the grayscale value of unstructured micro-lens, the red line represents the grayscale value of structured micro-lens. Figure 13 shows the change in energy value at the center of the concentrated spot at different locations. The micro-lens with the subwavelength structure indicates that the center energy of the spot exceeds that of the micro-lens without a subwavelength structure in the range of 8-19 μm. After 19 μm, the energy distributions of the two types of micro-lens are almost identical, and the center energy at the focus (15 μm position) increases by Δ = 7.3% when compared to the unstructured microlens. Additionally, the focal length decreases to 15 μm, thereby proving that the micro-lens with the subwavelength structure adequately improves the focusing effect. Furthermore, after the light beam passes through the micro-lens, the energy is concentrated on the optical axis and the anti-reflection and enhanced-transmission are also realized. Based on the rigorous coupled wave and equivalent medium theory, the subwavelength structures are arranged in an annular band distribution on the micro-lens surface. The refractive index of the equivalent medium between different zones is different, the diameter of the center hole is low, and the diameter of the edge hole is high. Thus, the equivalent refractive index from the inner ring to the outer ring gradually decreases. Light passing through the graded index structure can decrease the reflection. Figure 14 shows the measured transmittance of the unstructured and structured micro-lens in the visible range by using a UV-visible spectrophotometer (Perkin Elmer, Lambda 35, Waltham, MA, USA). The measurement results indicate that the structured micro-lens exhibits higher transmittance than the unstructured micro-lens. The average transmittance of structured micro-lens reaches approximately 91.8% in the 400-800 nm range, thereby indicating that the sub-wavelength structure exhibits good anti-reflection ability. Therefore, it exhibits significant improvement in terms of the energy utilization of the micro-lens. Figure 14 . Transmittance of the unstructured and structured micro-lens in the visible region. The blue line represents the transmittance curve of unstructured micro-lens, the red line represents the transmittance curve of structured micro-lens.
Conclusions
In this study, a micro-lens super-surface with a regularly graded circular hole-like subwavelength structure was designed and fabricated to realize the high performances of central highly focusing and short focal length. We proved that the micro-lens super-surface with a regularly graded circular hole-like subwavelength structure has better focusing properties than a normal micro-lens array. The effect on the focusing performance and focal length modulation of micro-lens super-surface was discussed using the FDTD method. The optimized subwavelength structure is fabricated via direct laser writing and the ICP process. The experimental results and the simulated results have good consistency in the visible light range. The micro-lens super-surface with a regularly graded circular hole-like subwavelength structure realizes a great performance in highly focusing and short focal length. In addition, the super-surface with the subwavelength structure also increases the transmittance, thereby improving energy utilization, which is extremely significant for imaging and detection systems.
